Nitrogen elimination was investigated in two eutrophic Swiss lakes with different hypolimnetic oxygen conditions. Nitrogen burial was estimated from sediment-trap and sediment-core studies. Denitrification and NO, --ammonification rates were quantified with IsNO,-and acetylene incubation experiment! and whole-lake mass balances. The study confirmed earlier reports that the acetylene-block technique yields denitrification rates that are systematically too low. Denitrification rates obtained from isotope tracer experiments were compatible with nitrogen consumption rates observed in flux chamber experiments and whole-lake mass balances. The NO,--ammonification contributed <5% to the NO,-consumption rate in Lake Baldegg. Coupled nitrification-denitrification seemed to be insignificant at the deepest station of Lake Baldegg. The comparison of in situ denitrification rates measured at the deepest site (4.3 mmol m-* d-l) with the denitrification rate obtained from whole-lake mass balances (6.1 mmol rnd2 d-l) indicates that enhanced denitrification may be present in shallower sediments with a better supply of 0,. Mass transfer coefficients for NO,-were similar in both lakes (21.7 and 21.4 m yr-). The NO,-concentration seems to be a key parameter in determining denitrification rates.
be a key parameter in determining denitrification rates.
Lakes play an important role as nitrogen sinks in the aquatic continuum from land to ocean (Billen et al. 1991) . Two processes account most of for the N elimination in lakes: burial of particulate N in the sediments and emission of molecular N (NJ produced by denitrifying microorganisms (Seitzinger 1988) . Despite these efficient removal mechanisms, the concentration of inorganic N in the water column is increasing in many European lakes (Zobrist et al. 1990 ). The use of N fertilizers in agriculture, NO, emissions from combustion processes, and waste-water discharge are the main driving forces for this trend (Schlesinger 1991) . In contrast, the phosphorus content, and hence primary productivity, of many lakes in Europe and North America is decreasing due to the success of water protection programs (Zobrist et al. 1990; Berner and Berner 1996) .
The effects of decreasing primary productivity on the future N removal in lakes and hence on the nitrogen load to coastal seas are still only poorly understood. Because biogeochemical cycles in lakes can easily be quantified by mass balance approaches, they are ideal systems to study N elimination under different conditions. However, pure mass balances provide no information on the different pathways contributing to N elimination.
This study covers two aspects of N removal mechanisms in lakes: N burial in sediments and in denitrification. Gross sedimentation (S,) and net sedimentation (S,,) of particulate N were estimated from sediment trap and sediment core studies (Hohener and Gachter 1993) . Nitrification and sub-sequent denitrification may be a major process that contributes to the N loss from lakes (S, -S,) during diagenesis. Measurement of denitrification rates still represents an analytical challenge. During the last 20 years, several methods have been proposed. The most direct strategy is based on the analysis of N, production (Seitzinger 1988) . However, the small, relative change in concentration compared to the high background of N, is a major barrier to obtaining reproducible results. So far, in situ N, production rates have only been measured b:y Devol (199 1).
Such rates can also been obtained in the laboratory with sediment cores (Nowicki 1994; van Luijn et al. 1996) by applying a N,-flux method developed by Seitzinger (1988) . However, this method is very laborious (van Luijn et al. 1996) since the water overlying the sediment has to be replaced with N,-free water and because extreme precaution is necessary to avoid contamination with atmospheric N,.
Owing to these problems, alternative methods to quantify denitrification rat 2s have been developed, including wholelake mass balances (Hohener and Gachter 1993) , measurements of NO,-fluxes across the sediment-water interface (Andersen 1977) : the acetylene-block technique (Sorensen 1978) , and the use of 15N isotopes (Koike and Hattori 1978) in tracer studies. The most promising approach proposed by Nielsen (1992) is a modification of earlier 15N isotope tracer studies, the N isotope-pairing technique. This method allows quantification of denitrification of NO,-diffusing from the overlying water into the sediment as well as denitrification of NO, produced by nitrifiers within the sediment (coupled nitrification-dentrification).
Estimates of denitrification rates based on the acetylene-block technique and benthic NO,-fluxes neglect coupled nitrification-denitrification and therefore often significantly underestimate total in situ denitrification (Seitninger et al. 1993 ; Lohse et al. 1996) . material than by NO,-ammonification. Thus, the application of 15N0,-tracer studies is an ideal technique to discriminate between NO,-ammonification and NH, ' production due to degradation of organic material.
In this study results from isotope tracer studies are compared with results obtained by other methods. The objectives are (1) to delineate different approaches for quantifying N burial, denitrification, and NO,-ammonification rates in order to obtain consistent data; and (2) to elucidate N-elimination pathways and to quantify denitrification in two eutrophic lakes with different hypolimnetic oxygen regimes.
Study sites
Characteristic parameters of the two lakes analyzed in this study are summarized in Table 1 . Lake Baldegg is a eutrophic lake with a maximum depth of 66 m and a hydraulic residence time of 4.1 yr. Since 1982, this lake has been artificially aerated. During summer stratification the hypolimnion is enriched with pure oxygen; during winter, water circulation is enhanced by pumping air to deeper layers of the lake. The trophic evolution, sedimentology, and effects of oxygenation of Lake Baldegg are discussed in Gachter and Imboden (1985) , Niessen and Sturm (1987) , and Lotter et At the sediment-water interface, denitrifiers compete with NO,--ammonifiers for the available NO,-. In most aquatic systems, denitrifiers are postulated to be more effective than NO,-ammonifiers (Seitzinger 1988) ; however, studies quantifying concurrently both NO,--consuming processes are scarce (Koike and Hattori 1978; Binnerup et al. 1992; Rysgaard et al. 1993 ). To our knowledge, no in situ measurements of NO, ammonification have been reported. Much more NH,+ is usually produced by degradation of organic al. (1997b) .
Owing to artificial oxygenation, the water column stays The uncertainty range of fluxes based on these peeper and lander deployments is typically + IO-30% (Urban et al. 1997; Wchrli et al. unpubl.) .
_ * permanently oxic during all seasons (Fig. 1 ). Lowest 0, concentrations of -0.1 mM are observed in summer near the thermocline and at the end of summer stagnation in the deep water (65 m). Studies indicate that 0, penetrates the sediment surface at depths <55 m whereas the sediment surface >55 m is still anoxic, regardless of the oxygen present in the overlying water. After artificial oxygenation started in 1982, benthic organisms such as oligochaetes and chironomides were able to recolonize the surficial sediments down to a water depth of 55 m (Spengeler unpubl.). These organism are able to penetrate anoxic sediments but depend on the presence of 0, just above the sediment surface. The yearly average NO, -concentration in the water column of Lake Baldegg is 0.13 mM. Rather constant NO,-concentrations are observed at a depth >15 m throughout the year, whereas the epilimnetic NO,-concentration decreases to -0.07 mM during summer (Fig. I ) . Lake Zug is a eutrophic, meromictic lake. The mixing regime (Imboden et al. 1988) , its trophic evolution (Wehrli et al. 1995) , and its sedimentology (Kelts 1978; Bloesch and Sturm 1986 ) have been described. A peninsula subdivides the lake into a shallow north basin (40-60-m water depth) that slopes gently to the deep (198 m) south basin. In the south basin, the water is permanently anoxic at depths >170 m (Fig. 1) . The average NO,-concentration in Lake Zug (0.029 mM) is four times lower than that in Lake Baldegg. During summer it occasionally drops to <0.008 mM in the surface waters, whereas at depths >60 m the NO,-concentration shows no distinct seasonality. Between 30 and 60 m, maximum NO,-concentration of -0.045 mM (Fig. 1) are observed. Hypolimnetic NO, concentrations clearly decrease with increasing depth.
Materials and methods

Sump&g--From
1987 to 1990 the main inflows and the outflow of Lake Baldegg were sampled at 3-week intervals and analyzed for NO,-and NH,+. Flood events were sampled more frequently (U. Kunze unpubl.). The main inflows and the outflow ol Lake Zug were sampled at 2-week intervals in 1995 and analyzed for NO, , NO,-, and NH,+ (l? Keller pers. comm.) .
Particles sinking to the sediment surface, collected in both lakes with cylindrical sediment traps as described in Bloesch and Sturm (1986) . were analyzed for total N (TN). Trap exposure time was 2-3 weeks. In Lake Baldegg, the sampling station was near the center of the lake. Two traps were deployed on the sarre mooring at depths of 20 and 59 m from February 1984 to December 1985 . From July 1993 to February 1994 in Lake Zug, settling particles were collected at depths of 50 and 100 m in the north basin and at 30 and 195 m in the south basin. For N gross sedimentation estimates only, results from the hypolimnetic sediment trap were considered.
The sediments of Lake Zug were sampled with a gravity corer of 6.3-cm d..ameter at depths of 40-and 117-m water depth. The cores were sectioned with a resolution of 0.5 cm and dated by 137C:; and marker beds such as turbidites. The coring technique, sample processing, and stratigraphic analysis are described in Schaller and Wehrli (1997) . The sediments of Lake Baldegg were sampled at the deepest site with an in situ freeze corer (Lotter et al. 1997a ). This technique allowed sampling of the varved sediments with a resolution of 1 yr for the interval 1885 (Lotter et al. 1997b .
Sediment pore water was sampled with dialysis porewater samplers ("peepers") ( Table 2) . Design, deployment, and performance of peepers are described by Hesslein (1976) and Urban et al. ( 1997) . Peepers having a vertical resolution of 0.5-1.0 cm were allowed to equilibrate for 14 d. The appearance of a brown layer of iron oxides on the peeper surface indicated the location of the sediment surface (Urban et al. 1997) . To prevent partial loss or entry of solutes during retrieval, they were covered with gas-tight lids at the lake bottom as soon as they were pulled out of the sediments. This system allowed sampling without substantial loss of dissolved gases and without air contamination and was successfully applied in a study on benthic N,O production in Lake Baldegg (Mengis et al. 1996) . Fluxes of different N species across the sediment-water interface were measured with an in situ flux chamber (Devol 1987; Wehrli et al. in prep.) (Table 2) . Two stainless steel flux chambers covered sediment areas of 400 cm2 and typically enclosed 3-6 liters of water. After lowering the device to the sediment surface, an electronic system triggered up to 15 mechanical functions. At the start of each experiment, 50 ml of a tracer solution was injected into both chambers in order to test whether the lids were tightly closed. From both chambers, 10 samples of -50 ml were drawn into syringes in preprogrammed intervals. The water enclosed in the chambers was mixed by a rotating stirrer. We used stirring velocities of -1 s-l, resulting in a diffusive boundary layer thickness of -1 mm (Wehrli et al. in prep.) . In one flux chamber experiment, the 0, concentration was recorded continuously by an 0, sensor coupled to a Seabird Electronics (SBE-16) logger unit.
Incubations-In
Lake Baldegg, various incubation experiments were conducted to quantify denitrification and NO, -ammonification rates (Table 3) . Denitrification was estimated from acetylene-block experiments (Sorensen 1978) and isotope tracer experiments (nitrogen isotope-pairing method; Nielsen 1992) . NO, -ammonification rates were quantified from isotope tracer experiments (Koike and Hattori 1978) .
To quantify denitrification rates, six sediment cores (5.9-cm diam) were collected (Table 3) at the deepest site of Lake Baldegg (66 m). The sediment surfaces were adjusted with minimal disturbance to have 6 cm of overlying water. The cores were then sealed gas tight. Prior to the incubation experiments, the cores were preincubated in the dark at in situ temperatures (5 + 1°C) for 2 h. The overlying water was mixed gently with a magnetic stirrer. Four cores were amended with acetylene (C,H,), and two were left untreated as reference cores. The C,H, was injected both into the overlying water and through silicon-filled holes into the surface sediment layers to reach a final concentration of 10% (vol/ vol). During 400 min, time series of samples were taken and analyzed for NO,-and N,O.
As a second method to quantify denitrification and NO,-ammonification rates, the nitrogen isotope-pairing technique was applied (Nielsen 1992) . For laboratory sediment core experiments, a similar setup as described by Lohse et al. (1996) was used. However, contrary to Nielsen (1992) and Lohse et al. (1996) , only the water overlying the sediments (but not the sediment) was sampled. r5N03 -was added to the overlying water and the cores were incubated as described above for the acetylene-block technique. After 5 h of incubation, the overlying water was sampled and analyzed for NO,-, NH4+, and N, concentrations and the 15N : 14N isotope ratio in the three species.
In addition to the laboratory sediment core experiments, we also applied the nitrogen isotope-pairing technique in one flux chamber experiment. At the start of the experiments, NO,-(99.9% 15N) was injected in situ into the water overlying the sediments to give a final NO,-pool with -47 atom-% 15N. Time series samples of the water overlying the sediments were drawn in situ into syringes during the incubation period of 60 h. Because these samples were not preserved during the incubation period, results may be slightly erroneous since bacterial-mediated processes may have continued in the syringes at low rates after the samples were separated from contact with sediments.
Analytical procedures-Concentrations of NO,-, NH4+, N,O, N,, and TN were measured by standard methods: NO, and NH,+ by ion chromatography or spectrophotometry, N,O and N, by gas chromatography with an electron-capture detector and a thermal-conductivity detector, respectively, and TN was determined with a Haraeus CNS analyzer.
The IsN : 14N isotope ratio in NO,-, NH, +, and N, was determined with a triple-collector isotope ratio mass spectrometer (IR-MS, Fisons-Optima, VG Isotech). For the MS analysis, NH;+ was collected as described by Sorensen and Jensen (1991) and was subsequently transformed to N, by combustion with Cu, CuO, and CaO at 900°C in evacuated quartz glass tubes (Kendall and Grim 1990) .
NO,-was converted to N, by a modified version of the bioassay method of Risgaard-Petersen et al. (1993) by using denitrifying bacteria to reduce NO,-to N,. Instead of using an enrichment culture of denitrifiers isolated from surface sediments (Risgaard-Petersen et al. 1993), we used a pure culture of Paraccocus denitrificans.
Gas samples for the determination of the 15N : 14N isotope ratio of N,, either from the bioassay method (converted NO, ) or from head-space samples of dissolved N,, were injected through a septum into an evacuated glass tube. The samples were then passed through a tube filled with elemental Zn shavings heated to 450°C to remove 0, and through a liquid N trap to remove possible interfering gases such as CO, and H,O.
Data analysis-Gross sedimentation of TN was calculated from the hypolimnetic sediment trap measurements. No preservatives to prevent decomposition of entrapped organic material were added to the sediment traps in order to avoid additional artifacts caused by the preservation (Rosa et al. 1994). Thus, the estimates of gross sedimentation may underestimate the true values. However, at the given incubation time of 2-3 weeks and the low hypolimnetic temperatures (5°C) this artifact should lead to maximum errors of 10% in these eutrophic lakes (J. Bloesch pers. comm.). Net N sedimentation was calculated by multiplying sediment accumulation rates and average TN concentrations between 5-and lo-cm sediment depth. Average net sedimentation rates during the last 5-15 years were estimated from dated sediment cores (Moor et al. 1996; Lotter et al. 1997b) .
Benthic fluxes of NO,-and NH,+ based on flux chamber experiments were calculated from the linear change in concentration in the water overlying the sediments with time. During all lander deployments, 0, was not completely depleted during the incubation. Benthic fluxes based on porewater profiles were calculated by applying Fick's first law (Lerman 1979) . The effective diffusion coefficients in the sediments were estimated as D,s = @D, where D is the molecular diffusion coefficient at 5°C (1.18 X lo-" cm2 s-l for NO,-and NH,+; Furrer and Wehrli 1996) , and o represents the porosity. Values of @ -0.9 were observed at the sediment-water interface in both lakes.
Measurement of denitrification rates by the acetyleneblock technique is based on the inhibition of the N,O-reductase by C,H,. Hence, in the presence of C,H,, denitrifiers reduce NO,-to N,O only. Denitrification rates were calculated as the difference between the N,O production rates in cores amended with C,H, and untreated sediment cores.
Denitrification rates obtained by the isotope-pairing method were calculated with the equations described by Nielsen (1992) . Lake water was used as a control to determine the natural isotope abundance, and excess isotope ratios were calculated. This method is based on the assumption that the added 15N03 -mixes uniformly with the 14N03-produced by nitrifiers in the water column or in the sediment. In addition, the added 15N0,-must diffuse from the water overlying the sediment to the denitrification site in the surface layer of the sediment during the initial period of the incubation. The isotope-pairing technique is based on the idea that denitrification of a 15N-labelled NO,-pool results in the production of N, with masses 28, 29, and 30 while both 14N03-and 15N03-are consumed. Thus, the recovery of N, as 28N2, 29N2, and "ON, reflects den trification of the 14N03-and 15N0,-diffusing from the ws.ter into the sediments as well as denitrification of 14N03-produced by nitrification within the sediments (Nielsen 1992; Bisgaard-Petersen et al. 1994) . If the 15N : 14N isotope ratio of NO,-in the water overlying the sediments and the ratio of the evolved 28N2, 29N2, and 30N2 are determined, this technique allows distinction between denitrification of NO,-from the overlying water and denitrification of NO,-produced by nitrification within the sediment (coupled nitrification-denitrification).
NO,-ammonjfication rates were directly estimated by the 15NH4+ production observed in flux chamber and sediment core experiment:;.
Results
Whole-lake mass balance-The results of mass balance calculations based on N input, output, and sedimentation rate, respectivel,y, are shown in Table 4 . Estimates of the input by dry and wet deposition on the lake surface have been included in the calculations (Zobrist et al. 1993 ) and accounted for 4% of the N input in Lake Baldegg and for 17% of that in L,ake Zug. The contribution of N, fixation by blue-green algae and bacteria to the N input was neglected. According to estimates for N, fixation by Aphanizomenon jlos-aquae, the most important N,-fixing cyanobacterium in Lake Baldegg, N, fixation contributed c2.7 t yr-I, or < 1% to the total input during .
In Lake Baldegg, average gross sedimentation of N was 4.5 mmol mm2 d-l between 1984 and 1985 (Gtichter and Sturm unpubl.) . In Lake Zug, N sedimentation was determined only during 7 months, starting in July 1993. An average N sedimentation rate of 2.5 mmol m 2 d -I was obtained (Bloesch and Ma unpubl.). These estimates of the gross sedimentation may differ from the long-term average due to the short study period (2 years in Lake Baldegg; 7 months in Lake Zug).
Net N sedimentation was calculated as 0.8 mmol rnp2 d-l in Lake Baldegg and 0.6 mmol me2 d-l in Lake Zug, based on net sediment accumulation rates (2.6 g Dw m-2 d-l for Lake Baldegg [Lotter et al. 1997b ] and 2.1 g Dw m-2 d-l for Lake Zug [Sturm unpubl.] ) and average TN concentrations (0.32 and 0.26 mmol g-l Dw for Lake Baldegg and Zug, respectively) between 5-and lo-cm sediment depth (Fig. 2) .
In Lake Baldegg, the TN concentration of the sediment decreased to a nearly constant value (0.3 mmol g-l Dw) at 5-cm sediment depth whereas in Lake Zug the TN concentration decreased steadily from the sediment surface to at least -15 cm. However, the observation that, contrary to TN, the NH,+ concentration was rather constant at sediment depths >5 cm suggests that below 5 cm early diagenesis is nearly terminated. Thus, the further decrease of the TN concentration from an average of 0.26 mmol g-l between 5-and IO-cm depth to 0.14 mmol g-l in Lake Zug may be a consequence of the increasing eutrophication between 1940 and 1980 . Hiihener and Gachter (1993 have shown that net N sedimentation rates are positively correlated with the trophic state of a lake.
Benthic fluxes-Field experiments with peepers and benthic chambers have been performed in both lakes in order to quantify the fluxes of N,, NO,-, and NH;'. Benthic N,O (Mengis et al. 1996 (Mengis et al. , 1997 and NO,-(data not shown) fluxes in these lakes were always at least one order of magnitude smaller than the NO,-and NH,+ fluxes. The uncertainty range of fluxes based on these peeper and lander deployments is typically &lo-30% (Urban et al. 1997; Wehrli et al. in prep.) . Figure 3 shows representative results of gas chromatographic analyses of N2 and 0, in samples from the peeper deployments and flux chamber experiments. The 0, consumption rate based on the flux chamber experiment was calculated as 20 mmol m-2 d-l. The 0, porewater profiles from peeper deployments showed a steep gradient above the sediment-water interface. However, contrary to the report of Devol (199 l) , no significant increase in the N, concentration was observed in the flux chamber experiments, and in the peeper profiles no enhanced N, concentrations were detected at the sediment surface.
Two factors could limit the value of these N, measurements. First, analytical precision may be insufficient to detect relatively small changes in concentration compared to the high background concentration of N,. Based on denitrification rates estimated from mass balance calculations (Table 4), the expected increase of N, concentration is < 1% in Lake Zug and 5% in Lake Baldegg. Second, atmospheric N, could contaminate the samples during sample processing and analysis. The good agreement between in situ 0, analyses by the 0, sensor and results from head-space gas chromatography suggest, however, that the samples from flux chamber experiments were not significantly contaminated with air.
Benthic fluxes of NO,-and NH,' were estimated from the peeper deployments and flux chamber experiments (Table 2; Figs. 4, 5). In Lake Baldegg and the north basin of Lake Zug, the NO, -profile had a steep gradient in the water overlying the sediments. In the south basin of Lake Zug, the deepest, permanently anoxic water layer (190-198 m) was completely depleted in NO, -. In both lakes the NH,+ profile showed a steep gradient in the top sediment layer.
In the south basin of Lake Zug this gradient extended from the sediment into the overlying water. Both the NO,-and NH,+ concentrations showed a linear change in time during the flux chamber experiments. The ammonia fluxes estimated from benthic chamber experiments and porewater profiles agreed within a factor of 2.5 in both lakes (Table 2) . However, the two methods resulted in NO,-fluxes that differed by more than lo-fold in both lakes. In addition, the results suggest that the NO,-and NH,' fluxes of Lake Baldegg exceeded those of Lake Zug by 2-4-fold.
Incubation experiments -Incubation experiments were performed with Lake Baldegg sediments only (Table 3) . In both acetylene-block experiments the N,O concentration increased linearly with time during the first 4 h (Fig. 6) . The calculated denitrification rates (0.9-1.2 mmol N me2 d-l) accounted for only -25% of the measured NO,-consumption rate (Table 3) , suggesting either incomplete blockage or major NO,-consumption by NO,-ammonification or NO,-assimilation. For comparison, results of isotope tracer experiments conducted in the benthic chamber are presented in Fig. 7 . Consumption of NO,-and production of 14N"N and 15N15N were observed. The 15N atom-% in NO,-did not change significantly during the incubation period, whereas the 15N atom-% in NH,+ increased with time. Based on the measured total concentrations of NO,-, NH4+, and N, and the corresponding 14N : 15N isotope ratios, the concentrations of 15N0,-15NH4 I, 2C)N2, and 30N2 were calculated. Concentrations of 14N0, -, 15N03 -, 14NH4+, 2C)N2, and 30N2 changed linearly with time during the whole incubation period of 60 h (Fig. 7) , whereas the concentration of 15NH4-k increased more strongly during the second half of the incubation, Therefore, only results from the first half of the period were considered to calculate in situ 15NH4+ production rates.
The 14N : 15N isotope ratio of the 15N0, -in the overlying water and the ratio of the recovered 28N2, 29N2, and 30N2 (Nielsen 1992) indicated that coupled nitrification-denitrification did not contribute significantly to the total denitrification rate. By comparing the consumption of '"NO,-and the production of 14NlsN, 15N15N, and 15NH4' we conclude that 83% of the consumed IsNO,-was recovered in the sum of 14NlsN, 15N15N, and '"NH,+. The missing 17% likely would be found in the sediments, either as 15N03-, 29N2, 30N2, or '"NH,+. Of the recovered 15N, 96% was recovered as 14N15N and 15N15N, and only 4% was recovered as 15NH4+. In addition to the flux chamber experiment, denitrification and NO,-ammonification was measured twice with sediment cores from Lake Baldegg (Table 3) . In these two experiments only the final products were analyzed; thus, no reliable rates can be estimated. However, the results qualitatively confirmed the in situ flux chamber experiment. nitrification accounted for 76-82% of the observed NO,-consumption. Coupled nitrification-denitrification did not significantly contribute to the overall denitrification rate. NO,-ammonification was of minor importance compared to denitrification. Only 3.4-3.7% of the consumed NO,-was recovered as NH, I .
Discussion
Benthicflux estimates-As shown in Table 2 , NH,' fluxes obtained from benthic chamber experiments agreed within a factor of 2.5 with those obtained from porewater profiles. However, in both lakes the two methods resulted in NO,-fluxes that differed more than lo-fold. Devol (1987) also reported that the flux chamber and porewater techniques resulted in similar fluxes for substances that were released from the sediment, but in large differences for solutes that were consumed by the sediment. Archer and Devol (1992) and Mengis et al. (1996) discussed possible explanations for these observations. The transfer of solutes such as 0, and NO,-to the sediment surface is greatly influenced by the hydrodynamic conditions that determine the thickness of the diffusive boundary layer (Jorgensen and Marais 1990; Hohener and Gachter 1994) .
As demonstrated by the constant 0, and NO, gradients extending over 5 cm above the sediment surface (Figs. 3,  4) , in productive hardwater lakes an extended boundary layer might build up due to calcite dissolution at the sediment surface. In such extended boundary layers, diffusion of solutes is hard to estimate because the diffusion coefficients are largely unknown. Fluxes based on porewater profiles and calculated with molecular diffusion coefficients only yield lower limits to estimates. In addition, Urban et al. (1997) demonstrated that porewater profiles from Lakes Baldegg and Sempach with a resolution of 25 mm do not reflect the rapid mineralization processes occurring at the sediment surface. Therefore, NO,-fluxes in Lake Baldegg based on the peeper data likely underestimate the true fluxes owing to insufficient vertical resolution and too small diffusion coefficients.
Flux estimates based on flux chamber experiments may also be subject to errors. The enhanced mixing of the water in the chamber may create a thinner diffusive boundary layer and thus enhance benthic fluxes. In addition, the use of stainless steel as the material for the in situ flux chamber may lead to an overestimation of the benthic 0, fluxes due to 0, consumption at the chamber's wall (Cramer 1989 ). However, despite such possible artefacts, the comparison of the lander fluxes with the results from the mass balance and the incubation experiments (Fig. 8) indicate that the lander experiments provide reasonable estimates of in situ benthic NO, -and NH,' fluxes. The difference between N gross sedimentation and net sedimentation (3.7 and 1.9 mmol rnd2 d-l in Lake Baldegg and Zug, respectively) balances closely with the NH, I fluxes from lander deployments the deepest site in Lake Baldegg agree reasonably well with the denitrification rate obtained from the whole-lake mass balance (6.1 mmol m-2 d-l).
Estimates of process rates-In the following we compare the estimated NO,-fluxes with the results from the incubation experiments in order to obtain consistent rate estimates of the two NO,-consuming processes-denitrification and NO,-ammonification.
The calculated denitrification rates from the acetyleneblock technique (0.9-l .2 mmol N m-2 d I) accounted for only -25% of the measured NO,-consumption in these experiments. Similar observations were reported by others (Downes 1991; Lohse et al. 1996) . The low conversion of the consumed NO,-into N,O may be attributed to the activity of other NO, -consumers besides denitrifiers (mainly NO,-ammonifiers; Jgrgensen and Sorensen 1985; Downes 1991), which could be quantified by subtracting the estimated denitrification rate from the measured NO; consumption rate. However, the isotope tracer experiments suggest that such NO,-ammonification rates estimated from the acetylene-block technique are far too high. Similar discrepancies between NO,-ammonification estimates based either on isotope tracer or acetylene-block experiments have been reported by others (Binnerup et al. 1992 ; Seitzinger et al. 1993; Lohse et al. 1996) . These authors concluded that acetylene-block experiments underestimate true denitrification rates owing to ( 1) inhibition of coupled nitrification-denitrification by C,H, (Lohse et al. 1996) , (2) incomplete blocking of the N,O reductase under strongly reducing conditions when H,S is present (Binnerup et al. 1992) , (3) incomplete blocking of the N,O reductase at low NO,-concentrations (Binnerup et al. 1992) , and (4) N,O diffusion to deeper sediment layers wilh subsequent reduction to N, (Seitzinger et al. 1993) . In Lake Baldegg the first two factors are likely only of minor importance because dissolved sulfide is near or below the detection limit (1 PM) in the interstitial water of the surface sediments, and as discussed below no coupled nitrification-denitrification could be detected with the isotope tracer experiments.
The data analysis (Nielsen 1992) of the N isotope-pairing experiment with the in situ flux chamber, based on the observed ratio of the evolved 2"N2 to 30N2, suggested that coupled nitrificatiorl-denitrification did not contribute to the total denitrification rate. However, this finding based on the flux-chamber experiment has to be evaluated carefully. The initial 0, concentration decreased by -30% within 35 h in a similar flux chamber experiment (Fig. 3) . Several studies have shown that the rates of N oxidizing or reducing processes depend strongly on the 0, concentration and that usually concentrations of N species do not change linearly with time if the 0, concentration decreases by ~20% of the initial value (Risgaard-,Petersen et al. 1994; Rysgaard et al. 1994) . Thus, the observed constant decrease of the NO,-concentration ( during the initial period, but subsequently slowed down as a consequence of 0, depletion, and that concomitantly NO,-diffusion from the overlying water may have increased.
For this reason, N isotope-pairing experiments were also conducted with sediment cores. In these experiments the incubation period was much shorter (5 h) than in the flux chamber experiment (60 h). The results confirmed that coupled nitrification-denitrification does not contribute to the total denitrification rate at the deepest site of Lake Baldegg.
According to the results from the isotope tracer experiments, denitrification rates are in close agreement with observed NO,-consumption rates. However, other processes could contribute to the observed NO,-fluxes (F) into the sediment: F = D + Am + As -N, where D, Am, As, and N are denitrification, NO, ammonification, assimilation, and nitrification. NO,-assimilation can likely be neglected because relatively high NH;' concentrations in the sediments favor the assimilation of NH,+ (Binnerup et al. 1992) . Thus, if the flux of NO,-to the sediment approximate denitrification, then NO,-ammonification and benthic nitrification must balance. Because in all isotope tracer studies <5% of the consumed 15N0,-was reduced to 15NHq+, we can assume that at the deepest location of Lake Baldegg, benthic nitrification produces much less NO,--within the sediment than is transported into the sediment from the overlying water. A low contribution of NO,-ammonification to the total NO,-reduction rate is in good agreement with published results of isotope tracer NO,-ammonification studies in lake and estuarine sediments Hijhener and Ggchter 1994) .
The NO,-porewater profiles (Fig. 4) seem to support the hypothesis of insignificant benthic nitrification. NO,-was usually depleted at the sediment surface; at least the steepest concentration gradient was located in the water overlying the sediments. Thus, NO; consumption exceeds NO,-production at the sediment surface. If present, nitrification must be strongly coupled to denitrification. However, the 15N : 14N isotope ratio of NO,-in the water overlying the sediments (-47 atom-%) did not decrease during the isotope tracer experiments with the in situ flux chamber (Fig. 7) , although the measurement of the j5N : 14N isotope ratio of NO,-would have allowed detection of net benthic nitrification rates (nitrification minus coupled nitrification-denitrification) ~-0.5 mmol m-2 d-l.
Contrary to our results, other studies with isotope tracers (Risgaard-Petersen et al. 1994; Rysgaard et al. 1995) in marine or lake sediments have shown a significant contribution of coupled nitrification-denitrification to the overall denitrification rate. In these sediments, benthic nitrification was stimulated by 0, penetration into the top sediment layers as a consequence of photosynthesis by benthic microphytes or due to bioturbation. Benthic nitrification was directly observed as NO,-fluxes out of the sediments or as subsurface NO,-peaks in porewater profiles (Lohse et al. 1996) . Very low 0, concentrations at the sediment surface are probably the main reason for the absence of benthic nitrification at the deepest site in Lake Baldegg. The sediments from the deepest site of Lake Baldegg, where our isotope tracer studies were conducted, are neither colonized by benthic microphytes nor bioturbated (E St&se1 unpubl.).
Based on these considerations, we assume that in the hypolimnetic sediments of eutrophic Lake Baldegg, benthic nitrification and NO,-ammonification are small relative to denitrification, and hence denitrification is mainly controlled by the NO,-fluxes from the water to the sediment. However, when evaluating these results based on only a few experiments conducted with sediments obtained from the deepest location of Lake Baldegg, it must be kept in mind that lakewide denitrification rates may vary strongly seasonally as well as spatially (Jorgensen and Sorensen 1985; Seitzinger 1988; Rudd et al. 1990; Rysgaard et al. 1995) . Variations in NO,- (Andersen 1977 ) and 0, concentrations (Rysgaard et Lake Baldegg N03-flux water column Lake Zug al. 1994), as well as variations in temperature (Nowicki 1994) and sedimentation rates of organic material (Urban et al. 1997) , could be driving forces for seasonal and spatial variations in benthic denitrification rates. Seasonally differing NO,-concentration in the water column were shown particularly to have strong affects on benthic denitrification rates (Andersen 1977; Seitzinger 1988; Rudd et al. 1990) .
Rather constant conditions with respect to nitrate concentration and temperature prevail in the deep water of Lake Baldegg below 15-m depth and in Lake Zug below 50-m depth. The two llypolimnetic zones cover 75 and 50% of the total sediment surface, respectively. However, the concentrations of NO,-and 0, (Fig. 1) as well as temperature (4-24°C) vary seasonally in the epilimnion of both lakes. High concentrations cf 0, close to epilimnetic sediments may lead to higher 0, penetration depths. As a consequence, coupled nitrification-denitrification might occur in shallower sediments, but this process is not important in the profundal sediments.
Mass balances-The mass balances listed in Table 4 contain uncertainties because not all of the input and output terms were quantified for the same sampling period. Thus, the estimated rates should be considered approximations rather than precise measurements.
The N mass balance for Lake Baldegg (Table 4) shows that N elimination calculated as the sum of denitrification plus net sedimentation is -182 t N yr-l (84% of the input) or 6.9 mmol N rnh2 d-l. Denitrification accounted for -6.1 mmol N rnp2 d-l. This value is somewhat larger than the benthic NO,-consumption observed in the flux chamber experiments (4.2 mmol N m-2 d-l) and results from the isotope-pairing technique (3.6-4.3 mmol N m-2 d-l). This comparison suggests that either the experimental determinations of denitrification at the deepest site are too low (van Luijn et al. 1996) or that denitrification occurs at higher rates in shallower sediments. Three possibilities could explain enhanced denitrification rates in littoral sediments: (1) steeper NO,-gradients due to thinner diffusive boundary layers, (2) enhanced NO,-supply to the sediments due to bioturbation, or (3) enhanced coupling of nitrification-denitrification due to higher 0, penetration depths.
According to the mass balance calculations, denitrification is the main N removal process (88%), whereas net sedimentation contributes only -12% to the N removal in Lake Baldegg. For Lake Zug the mass balance suggests that net sedimentation contributed -35% and denitrification -65% to the total N removal. In absolute terms, denitrification estimated from mass balances is 5-6-fold lower in Lake Zug (1.1 mmol N m-2 d-l) than in Lake Baldegg (6.1 mmol N m 2d-1 ).
Various authors have shown (Kelly et al. 1987; Rudd et al. 1990; Rysgaard et al. 1994 Rysgaard et al. , 1995 ) that the benthic denitrification rate of NO,-diffusing from the overlying water into the sediment is positively correlated or even proportional to the NO, concentration in the water. Because the average NO,-concentration in the water column of Lake Baldegg is 116 PM and in Lake Zug is only 29 PM, these differences in concentration can explain why denitrification rates were 5-6-fold higher in Lake Baldegg than in Lake Zug. The large difference in the in-lake NO,-concentrations can mostly be explained by the 5-fold higher area-specific N load to Lake Baldegg (8.2 mmol N m-2 d-l) than to Lake Zug (1.7 mmol N m-2 d-l). Seitzinger (1988) and Hijhener and Gachter (1993) also suggested that in-lake denitrification rates are positively correlated with the nitrate load.
Dividing the areal removal rate (mmol m-2 d-l) by the average nitrate concentration in the lake (mmol m-?) yields the mass transfer coefficient (m yr-I) for nitrate removal. Very similar values of 21.7 and 21.4 m yr-l are obtained for Lakes Baldegg and Zug, respectively. By using a database of oligotrophic and mesotrophic acid-sensitive lakes in Canada, Scandinavia, and the United States, Kelly et al. (1987) developed a simple model to predict nitrate removal in lakes based on residence time, mean depth, and average masstransfer coefficients in the range of 2.3-l 2.9 m yr-l. These values are smaller by a factor of 2-9 than those from our two eutrophic Swiss lakes, which suggests that high productivity stimulates denitrification. The implication may be that lake restoration by diminishing the P load will eventually reduce N elimination. On the other hand, the close agreement in the mass-transfer coefficients from Lakes Baldegg and Zug indicates that the model of Kelly et al. (1987) could be applied also to eutrophic lakes if the parameters were adjusted. Nitrate concentration seems to be the key variable determining denitrification rates (Kelly et al. 1987; Hiihener and Gtichter 1993) .
Summary and conclusions
This study confirms earlier reports (Binnerup et al. 1992; Seitzinger & al. 1993; Lohse et al. 1996) showing that the acetylene-block technique yields denitrification rates that are systematically too low. It further indicates that in situ incubation of 15N0,-in benthic chambers is a promising technique for the study of denitrification rates. Combining the isotope-pairing technique with the isotope analysis of 15NH4+ allows to discrimination between nitrification, denitrification, and nitrate ammonification. In an experiment at the deepest site in Lake Baldegg, -4% of the recovered 15N was found in NH, t and 96% in N,. No evidence of coupled nitrification-denitrification was found at this site. Whenever possible, such process studies should be combined with whole-lake mass balances. The combination of sediment trap data with sediment core analysis has shown that only 17 and 24% of the gross N sedimentation accumulates in the sediments of Lakes Baldegg and Zug, respectively. Benthic chamber experiments yield diffusive fluxes of NH,+ (3.7 and 1.9 mmol m-2 d-l for Lake Baldegg and Zug) that closely match the calculated release rates.
As mass balance calculations indicate, denitrification is the main N removal process in both eutrophic lakes. In Lake Baldegg, denitrification (6.1 mmol m-2 d-l) accounts for 88% of the N loss. In Lake Zug, a denitrification rate of 1.1 mmol m-2 d -.I accounts for 65% of the total N elimination. Nitrate concentration in the water column seems to be the most important factor that determines denitrification rates in deep eutrophic lakes. Similar mass-transfer coefficients (21.7 and 21.4 m yr-l) are obtained for both lakes. These values are significantly higher than those obtained by Kelly et al. (1987) for oligotrophic and eutrophic lakes in Canada, Scandinavia, and the United States (2.3-12.9 m yr-l). Therefore, lake restoration may reduce denitrification. In situ measurements of denitrification rates at the deepest point of Lake Baldegg are lower (4.3 mmol m-2 d-l) than the corresponding estimates from a whole-lake mass balance (6.1 mmol rnp2 d-l). Th' is may indicate that coupled denitrification-denitrification, although absent at the deepest site, may well enhance N elimination at shallower sites.
